The serial-position effect in working memory is considered important for studying how a 9 sequence of sensory information can be retained and manipulated simultaneously in neural 10 memory circuits. Here, via a precise analysis of the primacy and recency effects in human 11 psychophysical experiments, we propose that stable and flexible coding take distinct roles of 12 retaining and updating information in working memory, and that their combination induces 13 serial-position effects spontaneously. We found that stable encoding retains memory to 14 induce the primacy effect, while flexible encoding used for learning new inputs induces the 15 recency effect. A model simulation based on human data, confirmed that a neural network 16 with both flexible and stable synapses could reproduce the major characteristics of serial-17 position effects. Our new prediction, that the control of resource allocation by flexible-stable 18 coding balance can modulate memory performance in sequence-specific manner, was 19 supported by pre-cued memory performance data in humans. 20 21 23
Introduction 22
The brain receives various types of sensory information from the external environment and memory circuits (Fig. 4a ). Our model predicted that if the whole resource performs flexible 185 encoding only, a new item always overwrites old items. Thus, there would be the recency 186 effect only (Fig. 4a, left ). In the same way, if the whole resource was of the stable type, old 187 items would always be better retained than a new item and strong primacy effect would be 188 observed (Fig. 4a, middle) . Therefore, to induce the serial-position effect, both sequential 189 overwriting and declining resources must contribute together through the performance of 190 flexible and stable encoding, respectively (Fig. 4a, right) . 191 So far, we have shown that collaboration of flexible and stable encoding can generate 192 the serial-position effect, using a conceptual model only. If so, then what kind of neural factors 193 can implement two distinct encoding schemes in a neural circuit? Previously, the conventional 194 and predominant view has been that sustained activity of neurons during the delay periods 195 is the neuronal basis of working memory representation 4,27-31 . However, more recent studies 196 have suggested a dynamic coding scenario, in which short-term retention of information is 197 patterned in neural activities via synaptic plasticity [32] [33] [34] [35] [36] . It was reported that neurons in rat 198 prefrontal cortex (PFC) exhibit large heterogeneity in their intrinsic temporal stability so that 199 some neurons retain stimulus information while others code more transient selectivity 200 functions. This enables reconciling of persistent and dynamic coding of the working memory 37 .
201
Similarly, we assumed that information processing achieved by the combination of stable-202 flexible encoding might be a key mechanism for understanding the neural basis of sequential 203 working memory.
204
To propose a possible neural basis of the serial-position effect in working memory, we 205 studied to determine if our conceptual model of stable-flexible encoding could be realized in 206 a model neural circuit, by simply introducing stable/flexible components of synaptic plasticity.
207
For this, we adapted a particular form of synaptic plasticity recently found, the labile long-208 term potentiation (LTP) ( Fig. 4b) 38 , which can switch between stable and flexible encoding 209 depending on conditions. This synapse potentiated by high frequency stimulation can be 
217
Under this model condition, we expected that flexible and stable synapses could 218 induce the recency and primacy effects, respectively, and that a mixed population of them 219 could reproduce the observed serial-position effect. To test this idea, we made a model neural 220 network that received random spike trains as input, and for which the feedforward wirings 221 between input and output layers could be trained using the spike-timing-dependent plasticity 222 (STDP) learning rule ( Fig. 4d and Supplementary Fig. S2a subject attempted non-optimal allocation of memory resource, the effect might be reversed 290 and performance for early items degraded.
291
To test this idea, we performed a memory task with three pre-cue conditions: the total 292 number of items was (1) correctly given (correct information), (2) not given (no information), 293 or (3) wrongly given (wrong information), prior to item presentation ( Fig. 5d ). For wrong 294 information, the number − 1 was shown before items were presented. Actually, 295 was varied from 4 to 6. As expected, memory performance was highest when the correct 296 information was given and was lowest when the wrong information was given ( Fig. 5e ). In 297 addition, performance difference was more noticeable in early items in the sequence. To Supplementary Fig. S4 ). In addition, memory performance was largely altered in early 305 presented items compared to the last items, as the model simulated ( Fig. 5c and f) . These
Sequential overwriting model and memory resources 417
To model quantitatively the memory performance of the sequential memory task, we assumed 418 that the amount of allocated resource determined the performance of the item positioned 419 in order as follows:
where is the amount of resource allocated for item .
new item was added as follows:
where is the overwriting ratio (Fig. 2) and is the sequential distance between previous 426 item and new item. Here, can be either identical (Fig. 2) or declining (Fig. 3) by order. To 427 estimate the amount of allocated resources from the observed data (Fig. 3d) , the 428 performance for the last item was obtained from the average memory performance curve of 429 the no-information condition, and fitted by
where 'order' varies from three to six. Figure S2c) , based on the observation that behavior results could 464 be described by a logistic function of neural activity 47 . We used the sigmoid function as follows: 
Statistical test 475
The type of statistical test and corresponding p-values used in the analysis were given in 476 figure captions and the main text. One-way ANOVA with Bonferroni correction was used to 477 examine performance differences across the pre-cue conditions. larger performance difference is observed in early presented items (white circles) rather than 699 last items (white squares). d, Paradigm for pre-cued memory tasks. The three types of pre-700 cues given: correct, no, and wrong information of the total number of items in a sequence. In 701 the wrong information case, "N-1" is given before N items are presented. e, Sample result of 702 a pre-cued memory task. Memory performance improves when the correct information is 703 given (blue), while it worsens when the wrong information is given (red conditions is better in early presented items than in the last item (for N-1 items, repeated Comparison of performance between the experimental data and model (Nitems = 4). Our model
